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Gamma-ray bursts (GRBs) are the most powerful explosions in the universe and 
probe physics under extreme conditions. GRBs divide into two classes, of short and 
long duration1, thought to originate from different types of progenitor systems2,3. 
The physics of their γ-ray emission is still poorly known, over 40 years after their 
discovery, but may be probed by their highest-energy photons. Here we report the 
first detection of high-energy emission from a short GRB with measured redshift, 
GRB 090510, using the Fermi Gamma-ray Space Telescope.  We detect for the first 
time a GRB prompt spectrum with a significant deviation from the Band function.  
This can be interpreted as two distinct spectral components, which challenge the 
prevailing γ-ray emission mechanism: synchrotron – synchrotron self-Compton4. 
The detection of a 31 GeV photon during the first second sets the highest lower 
limit on a GRB outflow Lorentz factor, of >1200, suggesting that the outflows 
powering short GRBs are at least as highly relativistic as those powering long 
GRBs. Even more importantly, this photon sets limits on a possible linear energy 
dependence of the propagation speed of photons (Lorentz-invariance violation) 
requiring for the first time a quantum-gravity mass scale significantly above the 
Planck mass.  
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On May 10th, 2009, T0 = 00:22:59.97 UT, the Gamma-ray Burst Monitor (GBM)5 and 
the Large Area Telescope (LAT)6 on-board Fermi triggered on the very bright short 
GRB 090510, which was also detected and located with multiple satellites (Swift7, 
Konus-Wind8, Agile9, Suzaku10 and INTEGRAL-ACS). Ground-based optical 
spectroscopy data, taken 3.5 days later11, exhibited prominent emission lines at a 
common redshift of z = 0.903±0.003, corresponding to a luminosity distance of dL = 
1.8×1028 cm (for a standard cosmology, [ΩΛ, ΩM, h] = [0.73, 0.27, 0.71]). The host 
galaxy of GRB090510 was identified as a late-type elliptical or early-type spiral star-
forming galaxy, in contrast to the dwarf irregular, star-forming galaxies that have been 
observed to harbor long-duration GRBs12,13, but consistent with the diverse types of 
hosts identified with short GRBs14,15.              
The GBM light curve (Fig. 1b,c; 8 keV – 40 MeV) consists of 7 main pulses. The main 
LAT emission above 100 MeV starts at T0+0.65 s and lasts ~200 s; a single 31 GeV 
photon – the highest-energy photon detected from any GRB, coincides with the last 
GBM pulse at T0+0.829 s (Fig. 1-b,c,f; see Supplementary Information 1). Using the 
combined high-energy resolution Time-Tagged Events from the three brightest GBM 
detectors we estimate the T90 (T50) duration of the event – the time within which 90% 
(50%) of the 50–300 keV event counts are collected – to be 2.1 s (0.2 s), placing 
GRB090510 within the short GRB range (see also Supplementary Information 2-A). We 
estimate the photon-energy associated delays (spectral-lags) of the emission, using two 
independent methods (described in Supplementary Information 2-B). We find no lags 
below 1 MeV (in agreement with the thus far known short GRB lags in that energy 
range), and above 30 MeV; however, we find that the bulk of the photons above 30 
MeV arrive 258±34 ms later than those below 1 MeV.  
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We performed combined GBM+LAT spectral-fits from T0 − 0.1 s to T0 + 2.0 s (Table 1; 
see Supplementary Information 3). The time-integrated spectrum from T0+0.5 s to 
T0+1.0 s is best fit by two spectral components: a Band function (two power-laws 
smoothly joined near the peak photon-energy, Epeak) and a power-law. The addition of 
the latter component with a photon-index of −1.62±0.03 significantly improves the fit 
(>5 σ) compared to a single Band function and fits the data up to the highest-energy (31 
GeV) photon (see Fig. 2a). We obtain Epeak = 3.9±0.3 MeV - the highest Band function 
Epeak ever measured in a GRB time-integrated spectrum. Time-resolved spectroscopy 
(Fig. 2c) from T0 + 0.5 s to T0 + 0.8 s, indicates that the GRB spectrum evolves from 
soft to hard (see also Table 1). The two spectral components (Band and power-law) 
show significant temporal correlation (while they are both detected; see supplementary 
information 3-A-3), suggesting that they originate from the same physical region (the 
200 s extended LAT emission is not reported in this paper).  
The progressively harder spectral behavior in GRB 090510 may be key to 
understanding particle acceleration and radiation in short GRBs. If the low-energy (10 
keV – 10 MeV) spectral component is synchrotron radiation from non-thermal 
electrons, the high-energy (>10 MeV) power-law component may be synchrotron self-
Compton16,17. However, the ~0.1–0.2 s observed delayed onset of the LAT high-energy 
photons is not expected in the simplest leptonic models unless magnetic fields, electron 
energy distribution or outflow Lorentz factors change rapidly during the GRB. A 
hadronic γ-ray emission component could arise from ultra-relativistic protons and ions, 
either through photo-meson18 or synchrotron19 processes. In the latter case, short GRBs 
would have to accelerate protons and ions to ultra-high energies, making short GRBs a 
possible source of ultra-high-energy cosmic rays, along with long GRBs and active 
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galactic nuclei. This requires, however, a much larger total energy than that observed in 
γ-rays, thus straining the GRB energy-budget. The similarity in the high-energy 
emission of short and long GRBs, including delayed onset and temporally extended 
~GeV radiation20, suggests similarities in the underlying radiation physics of these two 
classes of GRBs, despite the currently prevailing paradigm that short GRBs originate 
from the coalescence of two neutron-stars or a neutron-star and a black-hole2, whereas 
the long GRBs progenitors are very massive, rapidly rotating stars3. 
The distance of GRB 090510 is at the high-end of the redshift range for short GRBs and 
implies a very energetic event21.  The total (0.5–1.0 s) energy fluence measured in the 
10 keV – 30 GeV band is (5.02±0.26)×10−5 ergs/cm2, implying a total apparent isotropic 
energy release of ≈ (1.08±0.06)×1053 erg. The high-energy spectral component accounts 
for ~37% of the total fluence. The fluence could be higher if the emission extends to 
higher energies. However, the attenuation of the highest-energy photons by the 
extragalactic background light has a negligible (≤ 1%) effect on the fluence in the 
observed energy-range (see Supplementary Information 4).  
The spectra at the time intervals 0.6 s – 0.8 s and 0.8 s – 0.9 s include a 3.4 GeV and a 
31 GeV photon, respectively. Such high-energy photons may pair-produce (γγ → e+e−) 
with radiation within the emitting region. To avoid such intrinsic attenuation, the 
emitting region must move toward the observer ultra-relativistically22,23. Thus for the 
3.4 GeV and 31 GeV photons to pass through the lower-energy radiation within the 
source without pair-producing, the implied lower limits on the region bulk Lorentz 
factors, Γmin, are 950±40 and 1220±60, respectively (see Supplementary Information 5 
for details). The Γmin values we obtain for GRB090510 are the highest for any GRB20, 
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and by far the highest for a short GRB21. This suggests that the outflows powering short 
GRBs are at least as highly relativistic as those powering long GRBs.   
Finally, the detection of multi-GeV photons <1 s from the onset of GRB 090510, and its 
known distance, allow us to tightly constrain Lorentz Invariance Violation (LIV). Some 
quantum-gravity theories24 predict LIV, where the photon-propagation speed vph 
depends on its energy Eph and is expected to significantly differ from the (low-energy) 
speed of light, c ≡ vph(Eph→0) only near the Planck scale  (Eph ~ MPlanckc2 ≈ 1.22×1019 
GeV)24. For Eph  MPlanckc2 the leading LIV term is expected to be |vph/c − 1| ~ 
(Eph/MQG,nc2)n  where n = 1 or 2 is usually assumed. For linear LIV (n = 1), this induces 
a difference Δt = (ΔE/MQG,1c2)D/c in the arrival time of photons emitted simultaneously 
at a distance D from us, and differing by ΔE = Ehigh − Elow (at cosmological distances 
this simple expression is somewhat modified; see Supplementary Information 6-A). 
Because of their short duration and cosmological distances GRBs are well-suited for 
constraining LIV24,25,20.  
When allowing for LIV-induced time-delays, the measured arrival time, th, of the high-
energy photons might not directly reflect their emission time, tem (i.e. their arrival time 
if vph = c). Therefore, we make reasonably conservative assumptions on tem, based on 
the observed lower-energy emission (for which LIV-induced time-delays are relatively 
negligible). To constrain a positive time-delay (vph < c implying th > tem) we assume that 
tem > tstart, where tstart (see Fig. 1) corresponds to the onsets of the various lower-energy 
emission episodes at different photon-energies (see Supplementary Information 6 for 
discussion). This implies Δt < th − tstart and thus sets a lower-limit on MQG. For linear 
LIV (n = 1), the tightest limit can be placed by the photon with the highest Ehigh/Δt, 
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which in GRB 090510, is the 31 GeV photon. We conservatively use the 1-σ lower-
limits on the GRB redshift (z = 0.900) and photon energy (28.0 GeV; Table 2). Table 2 
shows the resulting lower-limits on MQG,1 for the different assumed values of tstart  for a 
positive time delay (see limits (a)–(d)), as well as time-delays of either sign, including 
negative ones (vph > c implying th < tem; limits (e) –(g)) ; these limits are all above 
MPlanck. 
Our new limit, MQG,1/MPlanck ≥ several (see Table 2), is much stronger than the previous 
best limit of this kind (MQG,1/MPlanck ≥ 0.1 from GRB080916C20) and fundamentally 
more meaningful. Since, in most quantum gravity scenarios, MQG,n <~ MPlanck, even our 
most conservative limit (Table 2; (a)) greatly reduces the parameter space for n=1 
models26,27. Our intermediate limits (Table 2; (b)–(d)), and even more so, our least 
conservative limit (Table 2; (e): MQG,1/MPlanck > 102), based on associating the 31 GeV 
photon with the contemporaneous low-energy spike, makes such theories highly 
implausible (models with n > 1 are not significantly constrained by our results). Thus, 
we do not expect to see any evidence for other predictions of such n = 1 models, such as 
a reduction in the absorption of ≥10 TeV γ-rays by γγ → e+e− interactions with 
extragalactic infrared photons28 due to an increase in the required threshold energy, that 
would make the universe more transparent to γ-rays than expected29,30. 
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Table 1 | Prompt Emission Spectral Fit Parameters  
Band PL or Comptonized T−  T0  














0.5 – 1.0 Band 
    
   1016/970 
 Band+PL 












0.5 – 0.6 Band 
   
< −5.0    840/971 
0.6 – 0.8 Band+PL 
    
   991/968 
0.8 – 0.9 Band 
    
   886/970 




   
 
890/969 
0.9 – 1.0 PL (LAT 
only) 




Upper section: fits of the time-integrated spectrum of GRB090510 from T0+0.5 s to T0+1.0 s. 
The Band+PL model improves significantly (>5 σ) the fit compared to the standard Band 
function. The Band+Comptonized fit implies a lower-limit of 4 GeV for the energy of a possible  
spectral-break (softening) in the additional power-law. The various models are compared using 
the castor Castor statistic (C-stat), which is a likelihood method similar to χ2 when there is high 
enough statistics. Simple comparison of the C-stat values and degrees of freedom between the 
various models allows us determine the best model. 
Lower section: best-fit spectral-models of GBM+LAT data for each selected time-interval from 
T0+0.5 s to T0+1.0 s, corresponding to the main GBM emission episode. The spectrum during 
0.6 – 0.8 s shows a clear excess relative to a single Band function at high energies, which is 
16 
best fitted with an additional power-law, indicating an additional spectral component. At 0.8 – 
0.9 s, the additional component is not statistically justified anymore and both a Band function 
and Band+PL provide a good fit, if we fix β to its value from the previous time bin. At later times, 




Table 2 | Limits on Lorentz Invariance Violation 
# tstart − T0  (ms) 
Limit on 
|Δt| (ms) 
Reasoning for choice of tstart       





Lower limit on 
MQG,1/MPlanck 
(a) − 30 < 859 start of any < 1 MeV emission 0.1 1 > 1.19 
(b) 530 < 299 start of main < 1 MeV emission 0.1 1 > 3.42 
(c) 648 < 181 start of main > 0.1 GeV emission 100 1 > 5.63 
(d) 730 < 99 start of > 1 GeV emission 1000 1 > 10.0 
(e)♦  < 10 association with < 1 MeV spike 0.1 ± 1 > 102 
(f)♦  < 19 If 0.75 GeV‡ γ-ray from 1st spike 0.1 − 1 > 1.33 
(g)♠ |Δt/ΔE| < 30 ms/GeV lag analysis of > 1 GeV spikes  ± 1 > 1.22 
Details for the derivations of these limits are given in the Supplementary Information. Limits (a) 
through (e) rely on the 31 GeV photon, and use the 1-σ lower limit on its energy (28.0 GeV). 
The 1-σ lower limit on the redshift (z = 0.900) is used for all our limits. 
†The typical energy of the low-energy photons that were used for reference. 
*sn = 1 and -1 stand for a positive (vph < c) and negative (vph > c) time-delay, respectively. 
‡We conservatively used the 1-σ lower limit on this photon’s energy (0.694 GeV).  
The different choices of tstart in limits (a)–(d) are ordered from the most conservative, (a), to the 
somewhat less conservative but still very reasonable, (d); for a detailed discussion see the 
Supplementary Information 6.  
♦We constrain time-delays of either sign, including negative ones (vph > c implying th < tem) using 
two methods; (e)–(f) by associating two high-energy photons with contemporaneous spikes in 
the low-energy lightcurve (see also the gray shaded regions in Fig. 1). 
♠(g) by testing for an energy-dispersion in the high-energy lightcurves (that might smear the 
sharp observed spikes) we find an upper limit for a linear dispersion of photons above 100 MeV 
of  |Δt/ΔE| < 30 ms/GeV (at 99% confidence; see Supplementary information 2-B-2).  
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Figure 1. Panel (a): energy vs. arrival time w.r.t the GBM trigger time for the 
160 LAT photons that passed the transient off-line event selection (red) and the 
18 
161 photons that passed the onboard γ-ray filter (cyan), and are consistent with 
the direction of GRB 090510. The solid and dashed curves are normalized to 
pass through the highest energy (31 GeV) photon and represent the relation 
between a photon's energy and arrival time for linear (n=1) and quadratic (n=2) 
LIV, respectively, assuming it is emitted at tstart −T0 = −30 ms (black; first small 
GBM pulse onset), 530 ms (red; main <MeV emission onset), 648 ms (green; 
>100 MeV emission onset), 730 ms (blue; >GeV emission onset). Photons 
emitted at tstart would be located along such a line due to (a positive) LIV 
induced time delay. Panels (b)–(f): GBM and LAT lightcurves, from lowest to 
highest energies. Panel (f) also overlays energy vs. arrival time for each photon, 
with the energy scale displayed on the right side. The dashed-dotted vertical 
lines show our 4 different possible choices for tstart. The gray shaded regions 
indicate the arrival time of the 31 GeV photon ±10 ms (on the right) and of a 750 
MeV photon (during the first GBM pulse) ±20 ms (on the left), which can both 
constrain a negative time delay. Panels (b) and (c) show background subtracted 
lightcurves for GBM NaI in the 8–260 keV band and a GBM BGO in the 0.260–5 
MeV band, respectively. Panels (d)–(f) show, respectively, LAT events passing 
the onboard γ-ray filter, LAT transient class events with E > 100 MeV, and LAT 
transient class events with E > 1 GeV. In all lightcurves, the time-bin width is 10 
ms. In panels (b)–(e) the per-second count rate is displayed on the right for 












Figure 2. Panel (a): time-integrated count-spectrum from T0+0.5 s to T0+1.0 s. 
Following a ~0.5 s gap after the first GBM small peak, comes the most intense part of 
the burst, comprising 5 pulses, lasting from ~T0+0.5 s to ~T0+0.9 s. The peak of the 
emission (at T0+0.54 s), appears during the second pulse, which is detected up to ~10 
20 
MeV with significant substructure. The third pulse however, although weaker, shows up 
to much higher energies (~40 MeV) and is visible in GBM and in the LAT all-events 
light curve, showing a delayed onset of the high-energy emission. The overall LAT 
emission is visible for ~ 200 s. Front and back LAT events are analyzed as if from 
separate detectors; the signal is highly significant up to ~5 GeV. The data are adequately 
fit by a Band+PL spectrum as indicated by the fit-residuals. Panel (b): best-fit spectral 
model (Band+PL) for the time-integrated (0.5 – 1.0 s) spectrum (see also text and upper 
part of Table 1). Panel (c): spectral evolution from T0+0.5 s to T0+1.0 s (see also lower 
part of Table 1). While a single component (Band function with a very soft β) is 
adequate during T0+(0.5 – 0.6) s, an additional power-law component is required only at 
T0+(0.6 – 0.8) s. After T0+0.9 s the signal in GBM is too weak and the LAT only data 
can be fit by a power-law. However, this power-law is inconsistent with the GBM 
upper-limits, requiring a spectral break between the LAT and GBM energy-range 
